Nicotinamide adenine dinucleotide (NAD + ) is an endogenous enzyme cofactor and cosubstrate that has effects on diverse cellular and physiologic processes, including reactive oxygen species generation, mitochondrial function, apoptosis, and axonal degeneration. A major goal is to identify the NAD + -regulated cellular pathways that may mediate these effects. Here we show that the dynamic assembly and disassembly of microtubules is markedly altered by NAD + . Furthermore, we show that the disassembly of microtubule polymers elicited by microtubule depolymerizing agents is blocked by increasing intracellular NAD + levels. We find that these effects of NAD + are mediated by the activation of the mitochondrial sirtuin sirtuin-3 (SIRT3). Overexpression of SIRT3 prevents microtubule disassembly and apoptosis elicited by antimicrotubule agents and knockdown of SIRT3 prevents the protective effects of NAD + on microtubule polymers. Taken together, these data demonstrate that NAD + and SIRT3 regulate microtubule polymerization and the efficacy of antimicrotubule agents. N icotinamide adenine dinucleotide (NAD + ) is an endogenous dinucleotide that is present in the cytosol, nucleus, and mitochondria. Athough it serves an important role as a redox cofactor in metabolism, NAD + is also a substrate for several families of enzymes, including the poly(ADP ribose) polymerases and the sirtuin deacetylase enzymes (reviewed in refs. 1 and 2). The level of intracellular NAD + is regulated by many factors, including diet and energy status (3), axonal injury (4), DNA damage (5), and certain disease states (6), suggesting that NAD + -dependent signaling is dynamically modulated in diverse contexts. NAD + -dependent signaling can be induced by treatment of cells with exogenous NAD + , which increases intracellular NAD + levels and results in diverse effects in cells and animals. These effects include enhanced oxygen consumption and ATP production (7), as well as protection from genotoxic stress and apoptosis (3). Mice treated with nicotinamide riboside, a NAD + precursor that is metabolized into NAD + , have enhanced oxidative metabolism, increased insulin sensitivity, and protection from high-fat diet-induced obesity (8). These results demonstrate that NAD + -dependent pathways can enhance metabolic function and improve a variety of disease phenotypes.
+
-regulated cellular pathways that may mediate these effects. Here we show that the dynamic assembly and disassembly of microtubules is markedly altered by NAD + . Furthermore, we show that the disassembly of microtubule polymers elicited by microtubule depolymerizing agents is blocked by increasing intracellular NAD + levels. We find that these effects of NAD + are mediated by the activation of the mitochondrial sirtuin sirtuin-3 (SIRT3). Overexpression of SIRT3 prevents microtubule disassembly and apoptosis elicited by antimicrotubule agents and knockdown of SIRT3 prevents the protective effects of NAD + on microtubule polymers. Taken together, these data demonstrate that NAD + and SIRT3 regulate microtubule polymerization and the efficacy of antimicrotubule agents. N icotinamide adenine dinucleotide (NAD + ) is an endogenous dinucleotide that is present in the cytosol, nucleus, and mitochondria. Athough it serves an important role as a redox cofactor in metabolism, NAD + is also a substrate for several families of enzymes, including the poly(ADP ribose) polymerases and the sirtuin deacetylase enzymes (reviewed in refs. 1 and 2). The level of intracellular NAD + is regulated by many factors, including diet and energy status (3), axonal injury (4), DNA damage (5) , and certain disease states (6) , suggesting that NAD + -dependent signaling is dynamically modulated in diverse contexts. NAD + -dependent signaling can be induced by treatment of cells with exogenous NAD + , which increases intracellular NAD + levels and results in diverse effects in cells and animals. These effects include enhanced oxygen consumption and ATP production (7), as well as protection from genotoxic stress and apoptosis (3) . Mice treated with nicotinamide riboside, a NAD + precursor that is metabolized into NAD + , have enhanced oxidative metabolism, increased insulin sensitivity, and protection from high-fat diet-induced obesity (8) . These results demonstrate that NAD + -dependent pathways can enhance metabolic function and improve a variety of disease phenotypes.
An NAD + -regulated pathway also inhibits axonal degeneration elicited by axonal transection (4) . Treatment of axons with 5-20 mM NAD + markedly delays the axon degenerative process (9) . Additionally, animals that express the Wallerian degeneration slow (Wld S ) protein, a fusion of the NAD + biosynthetic enzyme Nicotinamide mononucleotide adenylyl transferase 1 and Ube4a, exhibit markedly delayed degeneration of the distal axonal fragment after axonal transection (10) , and expression of Wld S mitigates disease phenotypes in several neurodegenerative disease models (11) (12) (13) (14) . Thus, understanding the intracellular pathways regulated by NAD + may be important for understanding the pathogenesis of numerous disorders.
Despite the diverse beneficial effects of genetically and pharmacologically augmenting NAD + levels, the cellular processes that are affected by NAD + treatment are incompletely understood. In this study, we show that microtubule dynamics and polymer stability are markedly influenced by NAD + levels. We show that elevation of intracellular NAD + levels markedly alters the stability of microtubule polymers in cells, and renders these polymers resistant to depolymerization elicited by antimicrotubule agents, such as vinblastine, nocodazole, and colchicine. We find that these effects are mediated by sirtuin-3 (SIRT3), a mitochondrial NAD + -dependent deacetylase, and that elevated SIRT3 levels also blocks the effects of antimicrotubule agents on the cytoskeleton. Furthermore, we find that both NAD + and SIRT3 reduce the sensitivity of cells to the cytotoxic effects of vinblastine. Taken together, these data identify a new role for NAD + and SIRT3 in regulating the effects of antimicrotubule agents, and link the actions of NAD + to microtubule stabilization in cells.
Results

Screen to Identify Pathways Mediating Effects of NAD
+
. To identify pathways that mediate the effects of NAD + , we set up an assay to detect NAD + -dependent responses in cells. We based this assay on the well-described ability of NAD + to prevent axon degeneration induced by axonal transection (4, 9) . This effect is readily detectable by phase microscopy and can be quantified using an automated algorithm (15) . We reasoned that molecules that exhibit an NAD + -like effect in this assay may be acting through the same pathways regulated by NAD + . We therefore screened small molecules that have known effects on cellular
Significance
Nicotinamide adenine dinucleotide (NAD + ) is an endogenous small molecule that has effects on diverse processes, including obesity, lifespan, and cancer. A major goal is to identify the NAD + -regulated cellular pathways that may mediate these effects. In this study, we demonstrate that NAD + regulates the microtubule cytoskeleton. We find that these effects are mediated by the mitochondrial sirtuin-3. Our findings have implications for many clinically used chemotherapeutics that target microtubules, as we demonstrate that high NAD + levels can reduce sensitivity to these drugs. These results are also significant because they demonstrate for the first time that NAD pathways and identified compounds that mimicked the effect of NAD + on axonal degeneration. In this screen, we assayed axonal degeneration using rat embryonic day (E) 14.5 dorsal root ganglia (DRG) neurons. Dissociated neurons were cultured in microfluidic chambers for 2 d, at which point axons had extended through the 450-μm microgrooves into the axonal compartment (16) . Axonal transection was elicited by flushing media through the cell body compartment, resulting in shearing of every axon (Fig. S1A) . Following axonal transection, axons remained morphologically intact for the first 2 h (Fig. S1 B and C) . However, after 4 h, axons exhibited characteristic fragmentation and blebbing, as is commonly seen using in vitro models of axon degeneration (reviewed in ref. 17) . As expected, NAD + treatment led to a marked delay in axonal degeneration after axonal transection (4) (Fig. S1 D  and E) .
In our screen, we searched for compounds that mimicked the protective effects of NAD + on axons. One compound, the microtubule-stabilizing agent taxol (1 μM), substantially inhibited axonal degeneration at 4 h to a similar degree seen with NAD + treatment ( Fig. S1 B and C) . Similar results were observed in DRG explant cultures, suggesting that these results are not unique to the microfluidic culture system (Fig. S1 F and G) . Axon degeneration was not inhibited by jasplakinolide, which stabilizes actin polymers, indicating the effect is not a general result of altered cytoskeletal stability but specific to microtubule stability ( Fig. S1 D an antimicrotubule agent that leads to depolymerization of the dynamic microtubule pool. Treatment with vinblastine (100 nM) results in a loss of microtubule polymers as measured by anti-Tyr-tubulin immunostaining (green) beginning at 30 min (Fig. S2) . By 2 h, few microtubule polymers remain, and only a green haze is observed (from soluble tubulin dimers). Coapplication of NAD + (5 mM) with vinblastine (100 nM) preserves a significant portion of the microtubule polymer mass, indicating that NAD + can prevent microtubules from being depolymerized in vinblastine-treated cells. (Scale bar, 10 μm.) (C)
Quantification of results in B. To quantify microtubule polymer mass in MCF-7 cells, polymerized microtubules were identified and binarized using the Tubeness plugin in Fiji, which identifies linear structures. The total area of the cell was calculated and the graph represents the ratio of microtubule polymers to cell area, which we refer to as the polymerization index. Microtubule mass was measured in ∼100 cells from n = 3 replicates. Bar graph represents mean ± SEM **P < 0.01 (unpaired, two-tailed Student t test).
Measurement of intracellular NAD + levels showed that application of 5 mM NAD + for 2 h resulted in a nearly twofold increase in intracellular NAD + concentration (Fig. 1A) . These results confirmed studies in other cell lines (7) (Fig. S2A) . Within 2 h, the majority of the microtubules were depolymerized, with tubulin dimers and oligomers diffusely localized throughout the cytosol ( Fig. 1 B and  C) , consistent with the well-known effects of vinblastine (19) . However, coapplication of 5 mM NAD + with vinblastine markedly interfered with vinblastine-induced microtubule depolymerization ( Fig. 1 B and C) . We observed similar results in HEK293 cells, indicating our results are not unique to MCF-7 cells (Fig. S2B) .
Importantly, the microtubule polymers seen after vinblastine treatment in NAD + -treated cells exhibited a slightly curved morphology toward the cell periphery, with distinct large microtubule fragments perinuclearly, rather than the more linear centrosomally nucleated microtubules seen in untreated cells. This result is reminiscent of microtubule fragments induced by tubulin depolymerizing drugs as a result of dissociation of the minus-ends of the microtubules from the centrosome (20) . These results are also consistent with recent X-ray crystallographic analysis showing that vinblastine binds at the interface between two or more tubulin dimers, inducing a curved microtubule assembly (21, 22) . Finally these results suggest that the protective effect of NAD + on cellular microtubules does not involve the microtubule minus-end but rather affects the plus-end GTP-cap of microtubules.
To further assess the ability of NAD + to affect microtubule polymer stability, we monitored microtubules by time-lapse imaging of live MCF-7 cells stably expressing GFP-α-tubulin (23) . In these experiments, vinblastine treatment (25 nM) induced the depolymerization of microtubules, which was blocked by NAD + treatment ( Fig. S3 and Movies S1-S4). The effect of NAD + was particularly evident at 75 min, when nearly all microtubules were completely depolymerized in vinblastine-treated cells. However, in the presence of NAD + , a significant number of dynamic microtubules remained in the cells. The effect of NAD + treatment was more pronounced on microtubule preservation toward the cell membrane, where microtubule plus-ends are localized, in agreement with our results in Fig. 1 . Taken together, these data indicate that NAD + preserves microtubule polymers that would by otherwise depolymerized by vinblastine. + affects microtubule stability, we examined microtubule dynamics in NAD + -treated cells. Studies of microtubule dynamics have shown that dynamic instability, the phenomenon of alternating microtubule assembly and disassembly at microtubule tips, is required for processes such as cellular growth and proliferation (19, 24, 25) . Dynamic instability is markedly inhibited by antimicrotubule agents (26) . Because of the density of microtubules in cells, microtubule dynamics can only be reliably measured in the cell periphery, which can bias measurements of microtubule dynamics and does not allow monitoring of microtubule behavior toward the center of the cell (27) . To overcome this bias, recent studies have monitored microtubule dynamics by imaging fluorescently labeled microtubule plus-end tracking proteins, such as EB1ΔC (referred to throughout the manuscript as EB1, for simplicity) (27, 28) . Imaging of EB1-GFP fluorescence typically results in the observation of "comets," which reflects EB1-GFP binding to the rapidly growing plus ends of microtubule polymers. Microtubule polymers undergoing catastrophe or that have paused growth do not have EB1 associated with their plus-end tips. EB1-GFP imaging gives similar measurements of microtubule dynamics, as is seen in cells injected with small amounts of fluorescently labeled tubulin (29) (30) (31) . Imaging EB1-GFP enables imaging of both microtubule growth rates as well as the duration of growth phases. The frequency and duration of both pause and shrink rates can also be inferred using this approach (27) .
To assess the effects of NAD + on microtubule dynamics, we monitored over 20,000 EB1-GFP comets in control and NAD + -treated cells ( Fig. 2 A-D) . The results indicated that NAD + treatment significantly increased comet growth rate without altering the underlying rate distributions (Fig. 2E ). Computational analysis further revealed that NAD + treatment significantly increased microtubule shrink rate (Fig. 2F ). We also found significant changes in the gap speed and probability that a shrink occurs (Table S1 ). Taken together, these data indicated that NAD + increased the dynamic instability at microtubule tips. Thus, NAD + appears to have the opposite effect on dynamic instability compared with microtubule-targeting drugs, which suppress dynamic instability at low-doses, consistent with the ability of NAD + to counteract the effects of vinblastine. To further explore the effect of NAD + on dynamic instability, we also measured microtubule dynamics in DRG neurons. In these experiments, we monitored microtubule dynamics using EB3-GFP, a neuronal microtubule plus-end tracking protein (31) . In neurons, the microtubule growth rate was significantly lower than that measured in MCF-7 cells, consistent with previous studies showing that neuronal microtubules have reduced growth rates and dynamic instability (31) . Following axon transection, however, we observed a significant decrease in the microtubule growth rate (Fig. S4 A-F ). This alteration in microtubule dynamics was prevented by treatment with NAD + before transection (Fig. S4G ). Although we did not observe a significant increase in dynamics with NAD + treatment alone, this is not entirely unexpected because of the highly stable nature of axonal microtubules. Taken together, these results demonstrate that NAD + can counteract microtubule depolymerization caused by diverse insults, as well as in diverse cell types.
NAD
+ Acts Intracellularly to Influence Microtubule Atability. As an additional control, we sought to confirm that the effects of NAD + were mediated by NAD + acting inside the cell, rather than through the activation of a cell-surface receptor. To test this, we used nicotinamide mononucleotide (NMN), which is converted intracellularly to NAD + (32). As with NAD + treatment, NMN also impaired the microtubule depolymerizing effects of vinblastine (Fig. 3 ). These data suggest that NAD + treatment leads to increased intracellular NAD + levels, which affect intracellular microtubule stability and dynamics. NAD + Does Not Directly Interact with Microtubules. We next sought to understand the mechanism by which NAD + affects microtubule polymer stability. We first considered the possibility that NAD + directly binds microtubules and competes with vinblastine for binding to microtubules. To test this theory, we asked if NAD + prevents microtubule depolymerization induced by colchicine, which binds at a distinct site on microtubules (21) . Additionally, we tested whether NAD + prevents microtubule depolymerization elicited by nocodazole, which is a structurally distinct microtubule-depolymerizing agent that binds to the vinca alkaloid site on β-tubulin (22, 33) . As seen with vinblastine treatment, NAD + treatment markedly reduced microtubule depolymerization induced by either colchicine or nocodazole ( Fig.  4 A and B) . As with vinblastine-treated cells, the microtubule polymer network exhibited increased curvature at the cell periphery ( Fig. 4 A and B) . These data using distinct microtubule depolymerizing agents argue against direct competition of NAD + and vinblastine for binding to microtubules.
To further assess whether the microtubule-stabilizing effects of NAD + are caused by direct binding to microtubules, we monitored the effect of NAD + on in vitro polymerization of purified tubulin. Addition of taxol, a microtubule-stabilizing agent that binds directly to tubulin, enhances polymerization of purified tubulin in vitro (Fig. 4C) . However, addition of NAD + to purified tubulin did not affect the polymerization rate (Fig.  4C) . Thus, the effects of NAD + are likely to be a result of the activation of an intracellular NAD + -dependent signaling pathway rather than by direct binding to microtubule polymers. To explore this idea, we overexpressed each sirtuin to determine if any could recapitulate the effect of NAD + treatment on microtubule stability. In these experiments, SIRT1-7 were expressed with a C-terminal GFP tag in MCF-7 cells, and then subsequently treated with 100 nM vinblastine for 2 h to depolymerize the microtubule cytoskeleton. In each case, sirtuin overexpression had a minimal effect on vinblastine-induced microtubule depolymerization, except for cells expressing SIRT3. In SIRT3-expressing cells, vinblastine-induced microtubule depolymerization was markedly inhibited (Fig. 5 A and B and Fig. S5 A and B) . The residual microtubules exhibited a similar curved morphology as seen in NAD + -treated cells following vinblastine treated cells (Fig. 1) . These data suggest that among the sirtuins, SIRT3 has the most pronounced influence on microtubule polymer stability.
We observed a slight but nonsignificant protection of microtubules from vinblastine when we overexpressed SIRT1 in MCF-7 cells (Fig. S5 A and B) . This moderate effect may reflect the ability of SIRT1 to induce the transcriptional up-regulation of Example of EB1 comet track overlays in an MCF-7 cell. To quantify microtubule dynamics based on the movement of EB1-GFP comets, we used an image analysis algorithm described previously (27) . Briefly, this algorithm detects EB1-GFP comets and calculates the microtubule growth rates, shown here as heatmapped lines representing growth rate and trajectory. Using spatiotemporal clustering of EB1-GFP growth tracks, we can infer microtubule behaviors during phases of pause and shortening. See , and nearest observations within 1.5-times the interquartile range (whiskers). n = 11 cells per condition; *P < 0.05; ***P < 0.00005 (permutation t test). (F) NAD + increases microtubule shrink rate. To determine microtubule shrink rate, we used MCF-7 cells expressing EB1-GFP, a microtubule end-binding protein that tracks the tips of growing microtubules. In contrast to the directly observed growth rates (E), microtubule shrink rates were inferred computationally, as described previously (27) . The cells were treated with NAD + (5 mM) for 2 h, and time-lapse images were acquired every 0.5 s for 1 min. In cells treated with NAD + (5 mM), we observe a significant increase in both the shrink rate of all tracked EB1-GFP comets (Left; 9.01 ± 0.16 μm/min vs. 11.45 ± 0.16 μm/min) and the per cell means (Right; 8.86 ± 0.61 vs. 11.16 ± 0.47 μm/min). These data indicate that NAD + alone can increase microtubule shrink rate. NAD + treatment does not alter the underlying distribution of microtubule growth or shrink rates (n > 20,000 and n > 2,000, respectively), as determined by a twosample Kolmogorov-Smirnov test (P > 0.05). However, we find a significant increase in the mean microtubule growth (E) and shrink rates (F). These data indicate that NAD + alone can increase microtubule dynamics, which are an indicator of healthy cells (reviewed in ref. 76) . Box plots indicate the 25th percentile (bottom boundary), median (middle line), 75th percentile (top boundary), and nearest observations within 1.5-times the interquartile range (whiskers). Points represent outliers. n > 20,000 comets and n > 2,000 inferred shrink rates per condition; **P < 0.01; ***P < 0.00005 (permutation t test).
SIRT3 via peroxisome proliferator-activated receptor-γ coactivator-α (PGC-1α) (36, 37) . Notably, we did not see an effect of SIRT2 on microtubule polymer stability. SIRT2 can deacetylate lysine-40 in α-tubulin (38) . However, in MCF-7 cells treated with NAD + , we found no NAD + -dependent decrease in acetyl-tubulin levels, as measured by Western blotting (Fig. S5C) . Thus, the effects of NAD + appear unlikely to be mediated by SIRT2-dependent deacetylation of tubulin.
SIRT3 Mediates the Stabilizing Effect of NAD
+ on Microtubule
Polymers. We next asked if SIRT3 is required for the effects of NAD + on microtubule polymer stability. In MCF-7 cells expressing control shRNA, vinblastine treatment (100 nM) for 2 h resulted in loss of microtubule polymers and contraction of the plasma membrane. This effect was blocked by treatment of cells with 5 mM NAD + (Fig. 5 C and D) . However, in cells expressing either of two SIRT3-specific shRNA (Fig. S5D) , NAD + treatment did not block vinblastine-induced microtubule depolymerization and contraction of the cellular membrane (Fig. 5 C and D) . These data indicate that SIRT3 is required for the microtubulestabilizing effects of NAD + . One of the best described functions of SIRT3 is to suppress the production of reactive oxygen species (ROS) in mitochondria (reviewed in ref. 39 ). The physiological targets of SIRT3 include over 100 mitochondrial proteins, including diverse proteins that suppress ROS generation (40) . Acetylation of these proteins typically leads to increased ROS production, whereas SIRT3-mediated deacetylation leads to decreased ROS levels (41) (42) (43) . Indeed, treatment of MCF-7 cells with NAD + reduced the increase in ROS induced by vinblastine (Fig. S6A) . Reduction of ROS levels using either α-tocopherol (44) or ascorbic acid resulted in reduced vinblastine-induced microtubule depolymerization, similar to the effect seen with NAD + treatment or SIRT3 overexpression (Fig. S6 B-D) . Because both antioxidants and NAD + appear to exhibit similar effects on microtubule polymer stability, the mechanism of NAD + treatment and SIRT3 overexpression may relate to suppression of ROS that contribute to the microtubule-destabilizing effect of vinblastine. To test this idea we asked if NAD + treatment affects the sensitivity of cells to vinblastine-induced cell death. In these experiments, cells were treated with vinblastine (100 nM) for 24 h. Cell death was assayed by monitoring nuclear fragmentation using DAPI staining, which provides assessment of cell death induced by diverse pathways. In vinblastine-treated cells, over 60% of the cells exhibited nuclei with condensed chromatin, representing mitotic (prometaphase) arrest, which is a hallmark of vinblastine toxicity. However, when cells received NAD + treatment along with vinblastine, we observed a significant reduction in the number of cells arrested in mitosis (Fig. 6 A and B) . This result suggests that increasing NAD + levels reduces the sensitivity of cells to vinblastine, likely because of the diminished antimicrotubule effects elicited by the drug in the presence of NAD + . To further examine the effect of NAD + on vinblastine-induced cell death, we treated cells with increasing concentrations of vinblastine and measured cell viability. We observed a dosedependent decrease in viability with vinblastine treatment (Fig.  6C) , consistent with its known cytotoxic effects. When cells were treated with NAD + at the same time as vinblastine treatment, we found a 10-fold decrease in the sensitivity to vinblastine (Fig.  6C) . We found similar results using an MTT cell viability assay (Fig. S7A) . We also observed an NAD + -dependent reduction in sensitivity to vinblastine in HEK and HeLa cells (Fig. S7 B and  C) , indicating that our results are not specific to MCF-7 cells.
As a final measure of vinblastine cytotoxicity, we measured apoptosis rather than viability. In these experiments, we measured apoptosis by monitoring caspase-3/7 activity, and we observed a dose-dependent increase in apoptosis following vinblastine treatment (Fig. 6D ), again consistent with the known effects of vinblastine. Following addition of NAD + , we found an ∼twofold shift in the sensitivity of cells vinblastine-mediated apoptosis.
Finally, we asked if NAD + alters the sensitivity to other microtubule depolymerizing drugs. As with vinblastine, NAD + reduced the sensitivity of MCF-7 cells to vincristine-, vindesine-, and vinorelbine-induced cytotoxicity, as measured using the MTT cell viability assay (Fig. S7A) . Taken together, these results suggest that NAD + can reduce the cytotoxic effect of antimicrotubule drugs. Fig. 3 . NAD + acts intracellularly to stabilize microtubules. (A) NMN also exhibits a microtubuleprotective effect. We wondered if NAD + exerts its effects on microtubules by binding and activating a cell-surface receptor, or if NAD + acts intracellularly.
A B
To address this question, we used NMN, an NAD + precursor that is metabolically adenylated to form NAD + in the cell. As seen in Fig. 1 A and B, vinblastine (VB; 100 nM) treatment for 2 h resulted in a loss of the majority of microtubule polymers in MCF-7 cells as measured by anti-Tyr-tubulin immunostaining (green). Like NAD + , NMN (5 mM) also protects the microtubule cytoskeleton from the depolymerizing effects of vinblastine (100 nM). These data suggest that intracellular NAD + is required for its microtubule protective effects. This conclusion is supported by subsequent experiments that identify SIRT3 as a mediator of the effects of NAD + . (Scale bar, 10 μm.) (B) Quantification of results in A. To quantify microtubule polymer mass in MCF-7 cells, polymerized microtubules were identified and binarized using the Tubeness plugin in Fiji, which identifies linear structures. The total area of the cell was calculated, and the graph represents the ratio of microtubule polymers to cell area, which we refer to as the polymerization index. We measured ∼50 cells from n = 3 replicates. Bar graph represents mean ± SEM; **P < 0.01 (unpaired, two-tailed Student t test).
Discussion
Although NAD
+ has pronounced effects on diverse cellular and physiologic processes, the specific cellular alterations induced by NAD + are not fully understood. Our results demonstrate a striking effect of increased intracellular NAD + on microtubule polymer stability. We show that NAD + alters microtubule dynamic instability and markedly inhibits microtubule depolymerization induced by vinblastine and related microtubule-depolymerizing agents. Furthermore, we find that increasing NAD + levels can reduce the cell death induced by antimicrotubule agents. We show that these effects of NAD + require SIRT3, a mitochondrial NAD + -dependent protein deacetylase. Our data demonstrate that NAD + and SIRT3 are novel regulators of the microtubule cytoskeleton and suggest that alterations in intracellular NAD + levels can affect the cytotoxicity of anti-microtubule agents.
Our studies suggest that NAD + alters-but does inhibit-the effect of vinblastine. Although cells treated with NAD + retain microtubule polymers after treatment with diverse microtubule depolymerizing agents, the microtubule polymers exhibit altered morphology. These polymers exhibit increased curvature, particularly near the cell periphery. Microtubule curvature is influenced by microtubule-associated proteins, such as adenomatous polyposis coli protein among other +TiP proteins (45) . Thus, the effects of NAD + may reflect an alteration in microtubule-bound proteins, especially those that bind the plus-end of microtubules.
Our study identifies SIRT3 as the major mediator of the microtubule effects of NAD + . The importance of SIRT3 was determined using both knockdown and an overexpression approach to screen different sirtuins for their ability to phenocopy the effect of NAD + treatment. Despite the effectiveness of SIRT3 in this overexpression assay, the other mitochondrial sirtuins, SIRT4 and SIRT5, were much less effective. Recent studies suggest that these sirtuins remove acyl modifications in proteins or deacetylate only a small subset of proteins in mitochondria (46) (47) (48) . This finding contrasts with SIRT3, which is the major protein deacetylase in mitochondria (49) , affecting the acetylation status of ∼100 proteins in mitochondria (40) . Among the nonmitochondrial sirtuins, overexpression of SIRT1 showed a detectable, although statistically nonsignificant, inhibition of vinblastine-induced microtubule depolymerization. This finding may reflect a SIRT1-dependent activation of SIRT3 via PGC-1α, as previously reported (36, 37) .
How might SIRT3 influence microtubule function? A simple explanation would be direct deacetylation of tubulin by SIRT3; however, studies suggest that SIRT3 is exclusively mitochondrial (50, 51) . Furthermore, proteomics studies have not identified tubulin as a target for SIRT3 (40, 49, 52) . Instead, our studies raise the possibility that the effects of SIRT3 may relate to its To quantify microtubule polymer mass in MCF-7 cells, polymerized microtubules were identified and binarized using the Tubeness plugin in Fiji, which identifies linear structures. The total area of the cell was calculated, and the graph represents the ratio of microtubule polymers to cell area, which we refer to as the polymerization index. Microtubule mass was measured in ∼100 cells from n = 3 replicates. Bar graph represents mean ± SEM *P < 0.05; **P < 0.01 (one-way ANOVA with Tukey's post hoc test). (C) NAD + does not affect the polymerization of purified microtubules. To obtain further evidence that NAD + does not bind tubulin directly, we compared the effect of NAD + and taxol on microtubule polymerization. Purified bovine brain tubulin was incubated in polymerization buffer (80 mM Pipes pH 6.9, 2 mM MgCl 2 , 0.5 mM EGTA, and 3% glycerol), and the formation of microtubule polymers was detected by diffraction absorption spectrometry. Taxol (10 μM) elicited rapid induction of microtubule polymer formation at stoichiometric concentrations with tubulin, as is expected for a drug that directly binds and stabilizes tubulin; However, even a high concentration of NAD + (10 mM) had no significant effect on the rate of microtubule polymer formation. Graph displays representative data from n = 3 independent experiments.
well-characterized ability to reduce the mitochondrial production of ROS (reviewed in ref. 39) . ROS affects diverse intracellular signaling proteins, such as phosphatases (53) . By changing the activity of these proteins, suppression of ROS could affect pathways that control microtubule polymer stability. Indeed, ROS have been shown to affect microtubule dynamics (54) . However, it should be noted that some ROS scavengers, such as ascorbic acid, have diverse effects in cells, making it difficult to definitively determine if their effects are a result of reducing ROS levels. Thus, the specific mechanisms by which SIRT3 influences microtubule polymer stability remain to be established. Our impetus for exploring the link between NAD + and microtubule dynamics was based on a screen for inhibitors of axon degeneration. Several groups have shown that NAD + can delay axon degeneration (4, 9) . Although the precise mechanisms by which NAD + delays axon degeneration are not known, a recent study suggests a possible role for SIRT3 (55) . This earlier study showed that overexpression of SIRT3 delayed axon degeneration in an excitotoxic model. Future studies will be needed to determine if the axon-protective effects of NAD + and SIRT3 overexpression are mediated by their microtubule-stabilizing effects. It is interesting to note that taxol promotes regeneration after axon injury (56, 57) and prevents the formation of retraction bulbs (58) . Thus, microtubule stabilization through either taxol or NAD + , albeit by distinct mechanisms, may be valuable for minimizing pathologic damage after axon injury. NAD + levels might also influence, at least in part, the clinical activity of the microtubule-depolymerizing drugs used in cancer chemotherapy. Our data indicate that increased intracellular NAD + can impair the effects of the vinca alkaloids and other To quantify microtubule polymer mass in MCF-7 cells, polymerized microtubules were identified and binarized using the Tubeness plugin in Fiji, which identifies linear structures. The total area of the cell was calculated, and the graph represents the ratio of microtubule polymers to cell area, which we refer to as the polymerization index. We measured ∼100 cells from n = 3 replicates. Bar graph represents mean ± SEM; **P < 0.01 (one-way ANOVA with Tukey's post hoc test). (C) SIRT3 is necessary for the effects of NAD + on microtubule depolymerization. To determine if the effects of NAD + on microtubule stability are mediated through SIRT3, we monitored the effects of SIRT3 knockdown on NAD + -induced stabilization of microtubules. MCF-7 cells were treated with 100 nM vinblastine for 2 h, which results in both loss of the microtubule cytoskeleton and subsequent cell shrinkage. Microtubules were visualized by anti-Tyr-tubulin immunostaining (green). Treatment of these cells with 1 mM NAD + prevents the loss of the microtubule cytoskeleton and plasma membrane collapse. However, this effect of NAD + is lost in cells expressing either of two SIRT3-specific shRNA. These cells also display more membrane collapse than control cells, suggesting that the loss of SIRT3 may make the cells more sensitive to vinblastine. These data indicate that SIRT3 is required for the protective effects of NAD + on the microtubule cytoskeleton. (Scale bar, 10 μm.) (D) Quantification of results in C. Quantification was performed as described in B. We measured ∼100 cells from n = 3 replicates. Bar graph represents mean ± SEM; **P < 0.01, ***P < 0.001 (one-way ANOVA with Tukey's post hoc test).
microtubule depolymerizing agents. Although many of our experiments involved application of exogenous NAD + to cells, in a physiologic setting NAD + levels are increased by complex pathways, such as circadian rhythm (59) . These physiological processes are associated with ∼twofold changes in NAD + , similar to the increases seen with exogenous application of NAD + . Based on our finding that NAD + can prevent vinblastineinduced microtubule depolymerization, it is conceivable that physiological or disease states associated with increased or decreased NAD levels will be more resistant or more responsive, respectively, to the effects of vinblastine and related antimicrotubule agents. For example, aging and obesity are associated with decreased biosynthesis of NAD + (60) (61) (62) (63) . In contrast, calorie restriction is associated with increased NAD + (64). Interestingly, several cancers are known to exhibit up-regulation of NAD + biosynthetic enzymes (6, 65) . Up-regulation of these enzymes may make these cancers less susceptible to microtubule depolymerizing agents or may contribute to resistance to these compounds. Thus, examination of expression levels or genetic alterations of these enzymes might be useful as predictive biomarkers of antimicrotubule therapy. It will be important to determine if these diverse mechanisms that affect NAD + levels also influence the clinical outcome of antimicrotubule agent therapy to move toward chemotherapy customization.
It is plausible that reducing NAD + levels may be useful for increasing sensitivity to antimicrotubule agents and to achieve more effective cancer cell death. Indeed, FK866 and CHS828, small-molecule inhibitors of NAD + synthesis, are already in clinical trials for use in cancer treatment in combination with standard chemotherapeutic agents (66) . The effects of NAD + inhibitors may be particularly useful when combined with antimicrotubule agents, dependent on the integrity of the NAD + biosynthesis pathway in each tumor type.
It is important to note that NAD + has pleiotropic effects. Thus, the reduced cell death seen in NAD + -treated cells might be because of a combination of many factors, only one of which might be altered microtubule dynamics. For example, NAD + can inhibit cytochrome C release and can affect poly(ADP) ribose polymerases, all of which can influence cell death pathways (5). However, the pronounced inhibitory effect of NAD + on vinblastineinduced microtubule depolymerization suggests that its antiapoptotic effects are likely to be mediated, at least in part, by its ability to stabilize microtubules.
In most of our experiments, we monitored the effects of exogenous application of NAD + . However, physiologic levels of NAD + are not regulated by extracellular NAD + levels. The levels of NAD + are instead determined by intracellular biosynthetic pathways. The ∼twofold increase in intracellular NAD levels that we observed following application of NAD is consistent with the types of changes in intracellular NAD + levels caused by dietary restriction or circadian rhythms (3, 59) . However, it is more challenging to reduce intracellular NAD + . Although NAD synthesis inhibitors have been developed (67) , these drugs only partially reduce NAD + levels (68) . Thus, the development of highly effective NAD + biosynthesis inhibitors will be useful to more fully define the role of endogenous NAD + levels in regulating microtubule-dependent pathways. vinblastine-induced cell death using an alternate assay for cell viability. In these experiments, we measured apoptosis using a caspase 3/7 activity assay. Vinblastine treatment induced a dose-dependent increase in apoptosis, as expected. When cells were also treated with NAD + (5 mM), however, there was a significant reduction in the levels of apoptosis. These data demonstrate that increased NAD + levels can reduce the sensitivity of cells to vinblastine-induced apoptosis. We measured ∼10,000 cells per well in a 96-well plate from n = 3 replicates. Each point represents the mean ± SEM normalized to vehicle or NAD + control. *P < 0.05 (unpaired, two-tailed Student t test).
Materials and Methods
Reagents and Materials. The following assays and reagents were used throughout this manuscript. Unless otherwise indicated, assays were performed according to the manufacturer's instructions. To induce microtubule depolymerization, we used the following reagents: vinblastine (Sigma), colchicine (Sigma), and nocodazole (Sigma). To increase intracellular NAD levels, we used the following reagents: NAD + (Affymetrix) and NMN (Sigma).
To study cell death, we used the following assays: Multitox Fluor Cytotoxicity Assay (live-cell protease activity; Promega), Caspase-Glo 3/7 Assay (apoptosis assay; Promega); MTT assay (cell viability; Roche). To study in vitro tubulin polymerization, we used the Tubulin Polymerization Assay Kit (Cytoskeleton). To study ROS generation, cells were treated with α-tocopherol (Sigma) or ascorbic acid (Sigma), and ROS levels were measured using CellROX Deep Red reagent (Life Technologies). For additional details about the assays and reagents, please refer to SI Materials and Methods.
Immunofluorescence. Quantification of Microtubule Polymerization. Microtubule polymerization was quantified using Fiji (69) . First, polymerized tubulin was identified using the "Tubeness" plugin on a 3D image stack. This process determines how tube-like each pixel is and returns a mask of all tube-like structures. This algorithm was robust in detecting polymerized microtubules. Total microtubule mass was measured based on this binary mask. Then an Alexa Fluor 568 Phalloidin counterstain (Life Technologies) was used to generate a mask representing the total cellular area. The ratio of polymerized tubulin mass to cellular area was used as a measure for microtubule polymerization, which we refer to as the polymerization index.
Live Cell Microtubule Depolymerization Assay. MCF-7 cells stably expressing GFP-α-tubulin were plated on 35-mm glass bottom No. 1.5 dishes (MatTek). Cells were pretreated with NAD + for 2 h at 37°C before exposure to vinblastine.
Following drug exposure, live-cell confocal microscopy was performed as described in SI Materials and Methods. Time-lapse movies were generated by recording every 15 s for a total of 90 min to observe gross changes in microtubule structure.
EB Comet Imaging Assays and Analysis. MCF-7 cells were plated on 35-mm glass bottom No. 1.5 dishes (MatTek) and infected with GFP-EB1ΔC (referred to as EB1 for simplicity) lentiviral particles (70) . The cells were imaged 2 d postinfection to measure the dynamicity of microtubules ends labeled with GFP-EB1ΔC. To image dynamics in axons, dissociated DRG neurons (E14.5) were cultured in microfluidic devices on glass-bottom dishes. The neurons were infected with EB3-GFP (31) lentiviral particles and imaged on days in vitro (DIV) 4-5. Cells were pretreated with vehicle (water) or 10 mM NAD + for 2 h at 37°C before imaging. Images were acquired every 0.5 s for a total of 1 min for each time-lapse movie. All image analysis was performed using ClusterTrack, an algorithm that has been described in detail previously (27, 71) . See SI Materials and Methods for additional details about image acquisition and analysis.
Axon Degeneration Analysis. Dissociated DRG neurons (E14.5) were prepared as described previously (72) and cultured in polydimethylsiloxane microfluidic devices (73) . On DIV5, treatments were added to the axonal compartment, and cells were transected by aspirating the cell bodies from their compartment. Phase-contrast images (20×) of the distal axonal compartment were acquired at the indicated time points. Axon degeneration was analyzed by calculating the degeneration index as previously described (15 Preparation of Lentiviruses. Lentiviruses were prepared using the thirdgeneration lentiviral system (74) . Four plasmids [transfer vector containing the transgene and cis-acting sequences for genomic RNA production and packaging, and three plasmids (pLP1, pLP2, and pLP/VSV-G) encoding transacting factors (Gag-Pol, Rev, and VSV-G) required for packaging] were cotransfected in HEK293T cells using CaPO 4 precipitation (CalPhos; Clontech). Supernatant containing viral particles was collected and concentrated by ultracentrifugation (∼60,000 × g, 2 h, 22°C; SW41 Ti rotor) and titred using HEK cells. The viral pellet was resuspended in PBS (pH 7.4) containing 1% BSA and stored at −80°C.
Generation and Validation of the shSIRT3 Constructs. Two shRNA constructs targeting distinct regions of SIRT3 were generated and cloned into the lentiviral expression system under the control of the H1 promoter. An shRNA targeting LacZ served as a negative control. Coexpression of mCherry served as a marker for infection. Sequences for the shRNA constructs are as follows: shLacZ, GACTACACAAATCAGCGATT; shSIRT3-1, GTGCGTGCTTCAAGTGTTGT; shSIRT3-2, GCCCAACGTCACTCACTACT; Human MCF-7 cells were infected with SIRT3 shRNA or control shRNA virus. Five days postinfection, cells were lysed and Western blotting was performed as described in SI Materials and Methods. SIRT3 expression (anti-Sirt3, 1:2,000; Cell Signaling) was normalized to actin (anti-β-actin, 1:4,000; GenScript) and knockdowns were compared with the shLacZ control. Results from at least three independent experiments were used to quantify the amount of SIRT3 knockdown.
Statistical Analysis. Statistical analysis was performed using MATLAB (MathWorks) or GraphPad Prism v5.0 (GraphPad Software). All statistical tests are described in their respective figure legends. Briefly, for analyzing degeneration index and polymerization index, when comparing two groups, we used a two-tailed, unpaired Student t test. When comparing three or more groups, we used a one-way ANOVA with Tukey's post hoc test. We used a permutation t test to analyze microtubule dynamics (75) . This test compares the bootstrapped distributions of parameters in two samples. It does not make any assumption about the distribution of the samples.
